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GDP = C × (E/C) × (GDP/E)

• To increase economic productivity (GDP) without increasing 
carbon emissions (C), we must increase

• The amount of energy produced per unit carbon emitted (E/C)

• The economic productivity of energy (GDP/E)

• We need a research and development program aimed at increasing 
GDP in a carbon-constrained world



CO2 volumes

• In year 2000, we produced 
• ~25,000 km3 of gaseous CO2 per year (at STP)
• ~25 km3 per year compressed to liquid CO2 density

• By 2100, perhaps
• ~100,000 km3 gaseous CO2 per year
• ~100 km3 liquid CO2 per year
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CO2 emissions = 

N x (GDP/N) x (E/GDP) x (C/E)
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Carbon-emissions-free primary power 
required for CO2 stabilization
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IPCC IS92a “Business as 
Usual” economic assumptions

Adding 1 GWt / day, 
would yield 20 TWt in 
~55 years



Solutions must work 
for the developing world
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Per capita GDP in developing 
world is expected to lag USA

Yet, GDP growth in developing
world is expected to exceed 
that in USA, OECD

IS92a economic assumptions



Three strategies to climate stabilization
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Energy intensity decline and carbon-emissions-
free power required to stabilize at 2 x CO2

IPCC IS92a
“Business as usual”
scenario assumptions
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We need to push hard on both
improving energy intensity and
developing carbon-emissions-
free power sources

Greater than 1%/yr improvement
may be difficult to sustain

Over 100 years,
1% / yr = 2.7
2% / yr = 7.2

2.5% / yr = 11.8



The transportation sector

Internal combustion
18-23% efficiency

IC-Hybrid electric
30-35% efficiency

Fuel cell
30-37% efficiency

Without structural changes, we can only obtain a factor of 2 improvement in the transportation sector

Battery-electric
21-27% efficiency



Economic productivity of energy use (GDP/E)

• Improve efficiency of cars, homes, power plants, etc 
(device efficiency)

• Improve economic value generated per unit energy 
consumed (system efficiency)



Three strategies to climate stabilization
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Renewable Energy
densities and rates for 10 TWt

• Wind energy
• 4 W/m2 = 800,000 km2/(10 TWt)
• Add ~20 km2 / day for 100 years

• 1% coverage with turbines
• 100 turbines averaging 1 MW delivered per day

• Solar photovoltaic
• ~200 W/m2 @ ~20% efficiency = 80,000 km2/(10 TWt)
• Add ~ 2 km2 / day for 100 years 

• Biomass energy
• ~200 W/m2 @ 2% efficiency = 2,500,000 km2/(10 TWt)
• Add ~70 km2 / day for 100 years 



Wind power

• Need >3 million mega-wind-turbines for 10 TWt
• 100 per day added for next 100 years

• Intermittancy, Storage, Distribution

Percentage of area with 
> 300 W/m2 wind (6.4 m/s)

Nordex 2.5 MW
80 m rotor diam



Renewables:
Storage and distribution remain challenges
Hydrogen energy storage and distribution

Platinum requirement for  high-density electrolyzers / fuel cells 
to produce 10 TW = 30 x today’s global platinum mining rate



Renewables:
Storage and distribution remain challenges
Hydrogen energy storage and distribution
Superconducting long-distance electricity transmission



Renewables:
Storage and distribution remain challenges

Superconducting long-distance electricity transmission



Electricity transmission and production
in space
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Carbon sequestration strategies

Sequester
carbon

Source
options

Sink
options
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Carbon black
storage



Carbon sequestration:
A carbon-emission-free fossil-fuel economy



Non-fossil energy strategies

FusionFission
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Fission power

Known uranium reserves can provide 10 TW of power for less than 30 years
--> breeder reactors

Inherently safe reactor designs Proliferation
Waste disposal Advanced breeding concepts
Recovery of 235U from low-grade ores or seawater



Despite recent advances,
fusion is unlikely 

to be a power source 
in the next 50 years

Fusion could be a
neutron source

for hybrid fusion/
fission breeders

Fusion



Conclusions
• Very large amounts of carbon-emissions-free power will be needed to stabilize 

climate

• Only a portfolio of technologies and approaches can produce the tens of 
terawatts (TWt) of carbon-emissions-free primary power needed in the next 
decades for economic growth 

• We must research and develop ways to —

• Improve the economic productivity of our energy use
• Get more energy from renewable resources
• Store energy and transmit it over long distances
• Sequester carbon from fossil-fuels
• Have safe and environmentally acceptable fission power
• Get energy from fusion, and other advanced energy sources
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